Abstract. Solar wind plasma data from ISEE 3 at the L1 point and IMP 8 in Earth orbit are compared to determine how well an L1 monitor predicts plasma conditions at Earth. These data cover the time period August 1978 to February 1980, approaching solar maximum. Data are divided into 6-hour blocks, time shifted to compensate for the radial separation of the spacecraft, and interpolated to provide identically sampled time series; then linear correlation coefficients are calculated as a function of lag. The average correlations of solar wind speed, density, and flux are all about 0.6. The most important factors determining the degree of correlation are the radial separation of the spacecraft and the standard deviation of the density. For the largest standard deviations of density, the correlation coefficients are 0.85. The lag between observation of solar wind features at the two spacecraft varies with both the radial and azimuthal separation of the spacecraft, indicating that both radial propagation of the solar wind and the rotation of the Sun are important effects for determining solar wind arrival time. Plasma structures seem to be less well correlated than magnetic field structures.
Introduction
A primary tool for short-term space weather forecasting is the use of spacecraft at the L1 position to monitor solar wind conditions. The L1 position is about 235 R E sunward of Earth and spacecraft typically orbit this point with a radius of roughly 100 R E perpendicular to the Earth-Sun line. Solar wind data from L1 are often used as a predictor of conditions at Earth for studies of magnetospheric response to changing solar wind conditions. The assumption that solar wind conditions at L1 accurately predict those experienced at Earth 30-60 min downstream is often implicit in these studies.
Magnetic field correlation studies between ISEE 1 and 3 data show that L1 observations do not always predict solar wind conditions at Earth. Crooker et al. [1982] split ISEE 1 and ISEE 3 64-s-averaged magnetic field data into 800 2-hour periods and found good correlations (correlation coefficient, r , > 0.8) 25% of the time and poor correlations (r < 0.5) 25% of the time. Average correlations were higher when the magnetic field variance was high and when the spacecraft separation was less than 90 R E in the plane perpendicular to the Earth-Sun line. King [1986] compared ISEE 3 and IMP 8 magnetic field and plasma data from L1 and near Earth. He found 1 σ differences between speeds and densities at these two spacecraft of 18 km/s and 30%, respectively (i.e., the probability that the ISEE 3 and IMP 8 speeds were within 18 km/s was 70%) and found that the plasma correlations did not vary with separation perpendicular to the Earth-Sun line. Paularena et al. [this issue ] correlated solar wind flux data from IMP 8, WIND, and INTERBALL-1 for four months in 1995 and 1996. They found average correlations of 0.71 which were independent of spacecraft separation; the best organizer of correlations was the value of flux and the standard deviation of flux.
Since L1 monitors, such as SOHO and ACE, are in place and probably provide the best input for generating accurate short-term warnings of space weather hazards, we need to know when L1 observations can be used to reliably predict solar wind conditions at Earth and when they cannot. In this paper, we look at data from ISEE 3 and IMP 8 and determine correlation coefficients of solar wind speed, density, and flux (density times speed) observations from these spacecraft as a function of solar wind plasma conditions and spacecraft position.
Observations and Data
IMP 8 was launched in 1973 and is still returning solar wind data. IMP 8 is in a nearly circular orbit about Earth with a radius of about 35 R E . About 4 days of each 12.5 day orbit are spent in Earth's magnetosheath and magnetotail. The plasma distributions observed by the MIT Faraday cup experiment are fit to convected isotropic Maxwellians using a nonlinear, least squares procedure to determine the plasma velocity, density, and temperature; these data are available via the World Wide Web at ftp://space.mit.edu/pub/plasma/imp/www/imp.html. The sampling time is approximately 1 min; however, time spent out of the solar wind, tracking gaps, and bad data points reduce the available data coverage to about 86,000 data points/year or about 17%. (Note that coverage is much better for lower time resolution; coverage is ∼40% for hourly averages in this time period, for example.) ISEE 3 was launched in August 1978 into a halo orbit about the L1 libration point. The data used in this work are from the Los Alamos ion analyzer, which operated through February 1980. We use data from 17 August 1978 through 13 February 1980, which includes both data from L1 and data during the transit to L1 from Earth. These data are 24-s resolution moment calculations of the plasma velocity and density obtained from the NSSDC. About 900,000 ISEE 3 plasma measurements (46% coverage) are available from this time period.
Correlation Procedure
The purpose of this paper is to correlate solar wind plasma data; to use our correlation program, we must manipulate the data sets to produce point by point correspondence between observations. The IMP 8 data set contains spikes due to bad data points; it can be difficult to distinguish between bad data and actual fluctuations in plasma parameters, particularly in the foreshock region. Large spikes can have a large impact on the correlation coefficient. After surveying the data set, we set the criterion for spike removal to be the following: if the speed measurement was 40 km/s above or below the surrounding points, then the entire data record (speed and density) from that time was removed from the data set. About 1% of points were removed. No further despiking was done on the density data.
Since ISEE 3 and IMP 8 are at different X positions, to perform correlations on the same solar wind we time shift the ISEE 3 data to the position of IMP 8 using the observed speeds at ISEE 3. (The GSE coordinate system is used throughout this paper; GSE is an Earth-centered system with X sunward, Ẑ toward the ecliptic north pole, and Ŷ completing a right-handed system.) We perform the time shift using 6-hour blocks of data; the ISEE 3 observations were shifted forward in time by an amount t =(X ISEE −X IMP )⁄V   ISEE , where X ISEE and X IMP are the locations of the spacecraft in X and V   ISEE is the average ISEE 3 speed in the 6-hour period. Six-hour blocks were chosen for several reasons. Point-bypoint shifts would lead to time regressions when large speed jumps occur, which is not physically reasonable. Larger blocks would focus on longer-term behavior; for space weather forecasting we need to look at structures of size the order of the L1 to Earth transit time, about an hour. Two-hour blocks were tried, but the amount of data was found to be too small to reliably and uniquely determine the appropriate time shift. In addition, 6-hour blocks are being used in complementary studies of WIND, IMP 8, and INTERBALL-1 data ] and maintaining a common correlation time period facilitates comparisons with these results. Actual predictions do not have the luxury of looking at 6-hour blocks of data but must project the solar wind downstream based on real-time observations. We discuss the application of these results to real-time forecasting briefly in the final section.
Since data from the two spacecraft have different time resolutions, the next task was to equalize the number of data points in the ISEE 3 and IMP 8 data sets. IMP 8 data is of lower resolution, so the ISEE 3 data points were interpolated to the IMP 8 data times using a linear interpolation between the two ISEE 3 points bracketing each IMP 8 point. Thus, for each IMP 8 point we obtained only one ISEE 3 point. The problem of gaps in IMP 8 data was eliminated by this procedure. Times with ISEE 3 data gaps were also removed from the data set. Figure 1 shows an example of the time shifted, interpolated speed data on three different timescales: 1 year, 20 days, and 6 hours. Over 1 year, the IMP 8 and ISEE 3 data match very well. For a 20-day period the general agreement is also good. However, on a 6-hour time resolution some structures match very well and others do not. This point is illustrated in Figure 2 , which shows the correlation coefficient as a function of the length of time period over which the data is binned. For time periods of more than 30 days, both the speed and density correlation coefficients are greater than 0.9. As time periods decrease, the correlation coefficients decrease to about 0.5 for 2-hour time periods. We think the correlation coefficients at the smallest time periods are an upper limit since we shift small periods of data over comparable lag times looking for the best correlation. Because the amount of data is small, chance alignments of features (which are not the same solar wind structures) bias the results toward better correlations. Thus, while on timescales of greater than a few days L1 data very accurately predicts solar wind plasma conditions at Earth, the predictive capability is much less impressive over shorter timescales.
The correlations shown in this paper are done over 6-hour time blocks, as discussed above. For a correlation to be valid we required the 6-hour period to contain at least 50 data points. The linear Pearson correlation function is used to obtain a correlation coefficient. The best correlation may not be at zero lag (the lag using only the time shift calculated from the ∆X distance and solar wind speed), so we look at the correlation as a function of lag. The entire procedure is as follows:
1. Shift the ISEE 3 data in time based on the X separation of ISEE 3 and IMP 8 and the average solar wind speed at ISEE 3 (advection shift).
2. Interpolate the ISEE 3 data to IMP 8 data times. 3. Remove ISEE 3 data gaps. 4. Calculate correlation coefficient. 5. Lag the IMP 8 data by 1 min. 6. Repeat steps 2-5 until correlations have been calculated for lags from -75 to 75 min. 7. Find the best correlation and the lag of that correlation. Figure 3 shows histograms of the correlation coefficients of velocity, density, and flux. All the coefficients are similar, ranging from 0.56 for flux to 0.59 for speed. The distribution of speed correlation coefficients is more strongly peaked than those for density and flux. Figure 4 shows the speed correlation coefficients as a function of time. The correlation coefficients show no systematic variation with time and little consistency from 6-hour period to 6-hour period. Plots (not shown) of flux and density correlation coefficients versus time are very similar in appearance to Figure 4 . Figure 5 shows the speed, density, and flux correlation coefficients as a function of the lag and the percentage of 6-hour segments in each 5-min bin of lag times. These are lags in addition to the advection lag due to the spacecraft X separation, and are negative if the plasma arrives at IMP 8 sooner than expected (based only on the advection time) and positive if it arrives later than expected. For all three parameters the peak correlation coefficients are near zero lag; the correlation coefficients decrease from near 0.7 for small lags to near 0.4 for the largest lags. The bottom panels show that the largest percentages of best correlations occur at small lags. Significant enhancement in the percent of segments occurs for lags between roughly -20 and 20 min.
Results

Correlation Coefficients
We are interested in determining what factors determine how good the correlations are. One obvious possibility is the spacecraft separation along the X and Y axes [Russell et al., 1980; Crooker et al., 1982] . Figure 6 shows average correlation coefficients and their standard errors as a function of X separation of the spacecraft. Only bins with at least 10 points are plotted. The spacecraft separation varies by over 100 R E . The plot clearly shows that the correlation coefficients decrease with spacecraft separation; correlation coefficients decrease from about 0.7 at the smallest separations to about 0.5 at the largest separations. This change of the correlation coefficients with X separation suggests that significant evolution of the plasma takes place over a distance of 100 R E . Figure 7 shows the dependence of the correlation coefficients on the Y separation of the spacecraft. The speed, density, and flux correlation coefficients all show a slight tendency to be smaller at positive lags. These variations are, however, small. This is consistent with the result of King [1986] , who reported no Y dependence in plasma correlations.
Next we look for variations in the correlation coefficients as a function of the plasma parameters. Figure 8 shows the correlation coefficients as a function of speed; no significant dependence on speed was observed. Figure 9 shows a similar plot for density. The correlation coefficients increase with increasing density. The dependence of the correlation coefficients on density is stronger for the density and flux but also present for the speed data. Correlations increase from below 0.5 for the lowest densities to above 0.7 for the largest densities. The variation of correlation coefficients with flux (not shown) is very similar to that with density.
Another parameter that may be important is the variability of parameters within the 6-hour period. We examine this factor in two ways; we look at the correlation coefficients as a function of the range of parameters (for example, maximum minus minimum speed within a 6-hour period) and as a function of the standard deviation. Figures 10 and 11 show histograms of the variation of the correlation coefficients with speed and density ranges and standard deviations, respectively. The speed correlation coefficients do not depend on the speed range; the histogram is nearly flat. The speed correlation coefficients are at best a weak function of the speed standard deviation, with higher correlation coefficients at the largest standard deviation. The density and flux correlation coefficients decrease as the speed range increases, and also decrease with increased speed standard deviation except for the highest three bins. All the correlation coefficients are, however, a strong function of the density range and standard deviation. The speed correlation coefficients increase from 0.52 to almost 0.7 as the density standard deviation increases. The density and flux correlation coefficients increase more dramatically, from below 0.45 to as high as 0.8 for the larger standard deviations. These correlation coefficients also increase as the density range increases from 2 to 12 cm −3 ; however, the correlation coefficient profile seems to flatten and perhaps turn over for higher density ranges. The density and its standard deviation and range are not independent parameters; in general, the higher-density solar wind has larger standard deviations and ranges. To test which dependences are important, we split the data into low and high density and low and high standard deviation subsets. We then look at the correlation coefficients versus density standard deviation for the high-and low-density cases and versus density for the high and low standard deviation cases. Figure 12 shows that the correlation coefficient profiles look very similar for the large and small density subsets. For the high and low standard deviation subsets, however, the histogram of density and flux correlation coefficient variation with density looks very different from the histogram obtained using the entire data set. These histograms are relatively flat, which implies that the standard deviation of density, not the value of the density, is driving the increase of density and flux correlation coefficients. The speed histograms are not significantly different from the full data set histograms for either of these subsets, suggesting that the speed correlation coefficients depend on both the density and the standard deviation of the density.
To briefly summarize the results of this section, we find that the radial separation of the spacecraft significantly affects the correlation, even though the radial separation varies by only 100 R E , or about 25 min of solar wind propagation time (for a 440 km/s solar wind speed). The correlation coefficients depends only weakly on the Y separation of the spacecraft. The best predictor of the density and flux correlation coefficients is the density standard deviation. No best predictor of the speed correlation was found; weak dependences on the speed standard deviation, the density standard deviation, and the density were all present.
Lags
The lags determined from the calculations also have important implications for space weather. The Y position of ISEE 3 varies between -100 and 100 R E and the Y separation between ISEE 3 and IMP 8 is up to 140 R E . Since the Sun rotates, the timing of arrival of solar wind features may depend on the longitude separation of the spacecraft (the corotation effect) as well as the radial separation of the observers (the advection effect). Figure 13 shows the configuration schematically. The Sun is toward the top of Figure 13 so that the bold arrows represent radial solar wind flow. Solar wind escaping from a specific longitude on the Sun is located, on average, along an Archimedean spiral (dashed lines). If spacecraft are at the same radial distance from the Sun but different longitudes, the lag between observations of solar wind from the same source is determined by the solar rotation rate. Assuming a solar sidereal period of 27 days, the corotation speed of the spiral at Earth would be 405 km/s, which can be used to estimate the longitudinal or corotation lag. (This speed is roughly the same as the average radial solar wind speed, giving the well known average 45˚ spiral angle of the magnetic field at 1 AU.) Combining the longitudinal and radial lags gives the best correlations of solar wind speed in the inner heliosphere [Sibeck and Richardson, 1997] . This corotation lag has the potential of increasing warning times (if a spacecraft is at positive Y ) or reducing them (if a spacecraft is at negative Y ). For a 140 R E Y separation and a 45˚ spiral angle, the corotation lag would be ±35 min. These lags are roughly 60% of the average solar wind propagation time from L1 to Earth. Figure 14 shows the lag for each 6-hour bin with the Y separation of the spacecraft superposed. We plot only periods where the correlation coefficient is greater than 0.6, since these periods are more likely to have physically-meaningful lags. Although the individual variations are large, the average lag tracks the Y separation well. The bottom panel of Figure 14 shows a lag profile smoothed over 21 6-hour time segments, where all lags greater than 40 min have been discarded. The smoothed profile of lags traces the profile of the spacecraft Y separation very well. However, the magnitude of the lag is generally less than that expected if the orientation of solar wind structures were 45˚. Richardson and Paularena [1998] combine the ISEE 3 and IMP 8 data shown here with WIND, INTERBALL, and IMP 8 data from 1994 to 1997 to show that the average front angle is about 20˚. Thus, on average, greater warning time is provided by an monitor at positive Y although not as much as the nominal spiral angle would imply. Figure 15 shows a histogram of the lag versus Y separation of the spacecraft. Lags are predominantly negative (positive) for negative (positive) Y separations. This plot confirms that the corotation lags are present for all the solar wind parameters.
Discussion and Summary
Prediction of space weather at Earth requires knowledge of future solar wind conditions. One strategy for obtaining such information is the placement of satellites in orbit about the L1 Lagrangian point. The ACE mission, for example, will be in such an orbit and provide nearly 24-hour real-time solar wind data to NOAA for use in space weather predictions. Crooker et al. [1982] found that magnetic field correlations depend on the magnetic variance, the separation perpendicular to the Earth-Sun line and separation perpendicular to the magnetic field direction. King [1986] found no dependence of the plasma parameters on distance of ISEE 3 from the Earth-Sun line, and also found that front normals were neither peaked in the radial direction nor perpendicular to the average spiral angle.
In this paper we looked at fine resolution plasma data in 6-hour blocks and have determined the lags separately for each correlation. The best correlations for speed, density, and flux are found; often these have different lags. The best correlations (on average) occur when density standard deviations are high and reach 0.85. Typical correlations are of the order of 0.6. For low standard deviations they are as low as 0.4. For the purposes of space weather prediction, the large events are of primary importance, with large pressure increases which compress the magnetosphere. These are the events predicted best by an L1 monitor.
We have looked at how correlations vary with average solar wind parameters in a 6-hour period. In actual practice, predictions from L1 must be based only on data through the current time. Predictions based on spacecraft separation are still valid, but quantities such as the range and standard deviation are difficult to estimate. Fortunately, for the best predictor, the density standard deviation, the density is a fairly good surrogate. Perhaps some combination of prior density variation and absolute density could be implemented for real time prediction.
We find that, on average, solar wind features approach the Earth along a front tilted in the direction of, but at a smaller angle than, the nominal spiral angle. The dependence of correlations on the Y axis separation is small, so spacecraft at +Y positions could be used to give more warning of solar wind disturbances than the nominal L1-Earth propagation time. The dependence of the correlation on X is fairly strong, however, so placing satellites further forward than the L1 point could increase prediction time only at a cost of reduced accuracy.
Although this study has focused on 6-hour blocks of data, we have performed similar analyses dividing the data into 2-, 24-, and 72-hour blocks. As indicated in Figure 2 , the correlations are better for the longer time periods. All the dependencies on spacecraft separation and solar wind characteristics shown for 6-hour periods are the same for other period lengths. We have used our 2-hour time period results to compare with the study of 2-hour magnetic field correlations of Crooker et al. [1982] . They found that 25% of the magnetic field correlation were above 0.8 and 25% were below 0.5. The plasma correlations are not as good as the magnetic field correlations, with only 10% of the correlations above 0.8 and 40% below 0.5. Thus it appears that magnetic structures in the solar wind are more persistent than plasma structures.
The conclusions of Paularena et al. [this issue] appear to differ from the results presented here on two major points. They report no variation of the correlation coefficients with X separation of the spacecraft, whereas Figure 6 shows a very clear effect in our data. They also find that corotation lags are not important, whereas we find fronts tilted toward the direction of the average IMF. We do not think these results are contradictory. The two data sets overlap only slightly in X separation coverage, and where they do overlap they are (after normalizing) consistent to within the error bars. The Paularena et al. [this issue ] data have few points where the spacecraft are separated by more than 40 R E in Y, so the additional lags from corotation are expected to be small. Given that the Paularena et al. [this issue] data are from solar minimum whereas the data in this paper are from near solar maximum the agreement is quite good.
We note that this study covers only a small part of the solar cycle approaching solar maximum. Studies of propagation over longer distances suggest that predictions are more accurate at solar minimum than at other times [Sibeck and Richardson, 1997] . We have also neglected magnetic field data; we plan to extend this work to include other spacecraft pairs and also to include magnetic field data to determine if times of good plasma correlation are also times of good magnetic field correlation, since both are important in the solar wind interaction with Earth.
Finally, we point out that in addition to the stated purpose of checking space weather prediction accuracy, this study provides valuable information about solar wind structure. Scale lengths in the radial direction are less than ∼150 R E , and those in the azimuthal direction are greater than 140 R E . This may reflect on the length of interaction regions in the solar wind or to scale lengths of the solar wind source. 
